Spreading depolarizations are waves of near-complete breakdown of neuronal transmembrane ion gradients, free energy starving, and mass depolarization. Spreading depolarizations in electrically inactive tissue are associated with poor outcome in patients with traumatic brain injury. Here, we studied changes in regional cerebral blood flow and brain oxygen (PbtO 2 ), glucose ([Glc] 
Introduction
Traumatic brain injury (TBI) induces widespread neuronal loss, with irreversible primary lesions directly induced by the trauma and secondary lesions that develop over time. It is assumed that the primary injury after TBI is surrounded by a hypoperfused zone with low concentrations of brain glucose ([Glc]b). In animal models of TBI, the majority of neurons in such zones die within a few days of the initial insult. [1] [2] [3] On computed tomography scans in patients, this area often shows hypodensity in acute and subacute stages and atrophy later on. On the basis of these observations, the concept of a pericontusional or traumatic ''penumbra'' was developed, by analogy with the outer zone of focal cerebral ischemia. 4 In penumbral areas, onset of irreversible neuronal injury (''commitment point'') is reached later than in the inner zone, granting physicians more time to salvage. 5, 6 In addition to this state of hypoperfusion, another analogy between ischemic and traumatic penumbra is the occurrence of spreading depolarizations (SDs). SD is the generic term for waves of abrupt, sustained, near-complete breakdown of neuronal transmembrane ion gradients, free energy starving, and mass depolarization in the brain. [7] [8] [9] SDs can be recorded in about 56% of patients with severe TBI, 10, 11 60-70% of patients with intracerebral hemorrhage (ICH), 9 70-80% of patients with poor-grade aneurysmal subarachnoid hemorrhage (aSAH), 12, 13 and practically 100% of patients with malignant hemispheric stroke (MHS). 14, 15 SDs result from acute increase in neuronal excitability and/or energy supply/demand mismatch. [16] [17] [18] [19] [20] They can trigger further neuronal injury through decreased perfusion (spreading ischemia) 11, 21 and prolonged ionic imbalance. 6, 7 In neurointensive care, clusters of SDs are increasingly considered as biomarkers that indicate disturbances in brain energy metabolism 12 and brain lesion development, 6 enabling prognostication and tailored therapy. 13, 22 However, a pathologically elevated oxygen extraction fraction (OEF), as defined in penumbral tissue in focal cerebral ischemia, 23, 24 was not found within contusional or pericontusional tissue in patients with TBI. 25, 26 The finding of hypoperfusion without concomitant increase in OEF in patients with TBI was similar to observations in patients with nontraumatic, supratentorial ICH. 27 The discrepancy between high OEF in oligemic tissue of the ischemic penumbra and low OEF in oligemic tissue of the traumatic penumbra suggests a difference in mechanism between these two types of penumbra. 26 Consequently, there is a need for better understanding of the biochemical processes that govern neuronal injury after TBI and of the mechanisms that differentiate traumatic from ischemic injury. Multimodal neuromonitoring, with cerebral microdialysis (cMD) catheters or sensors measuring partial pressure of brain tissue oxygen (PbtO 2 ) or regional cerebral blood flow (rCBF), is used for prognostication of outcome and therapeutic targeting in patients with TBI. These sensors are usually implanted in penumbral tissue. 28, 29 In such studies, certain patterns of metabolic variables have been identified as potential biomarkers of long-term outcome. For example, increased lactate/glucose ratio (L/G) has been found in perilesional brain tissue and was associated with unfavorable outcome in patients with TBI. 30, 31 In addition, ''metabolic crisis,'' defined by a high lactate/pyruvate ratio (L/P), was associated with poor prognosis. 32, 33 Metabolic crisis was further dichotomized based on brain lactate concentration ([Lac]b), rCBF, and PbtO 2 : type 1 (ischemic) displays high [Lac]b whereas type 2 (nonischemic) displays normal to low [Lac] b. 32, 33 By contrast, ''aerobic hyperglycolysis,'' defined as high [Lac] b and low L/P with rCBF and PbtO 2 within physiological ranges, was associated with good prognosis. These studies indicate that metabolic parameters such as brain glucose concentration ([Glc]b) or [Lac] b provide important information about the pathophysiological state of the underlying brain parenchyma.
The present study investigated the traumatic penumbra in rats, with a focus on the metabolic and vascular impact of SDs. For this purpose, we studied changes in cortical metabolism and brain supply of energy substrates during SDs in pericontusional temporal cortex after lateral fluid percussion injury (LFP injury) in an ipsilateral parietal cranial window. Specifically, we measured rCBF with laser-Doppler flowmetry (LDF), and PbtO 2 , [Glc]b, and [Lac]b with minimally invasive real-time sensors under three conditions: rats underwent either SDs chemically triggered by KCl in naı¨ve cortex in absence of TBI (control group), or developed spontaneous SDs in the traumatic penumbra after TBI (TBI-isolated group); in a third group, a cluster of SDs was triggered chemically after LFP injury using KCl in a remote window from which SDs invaded penumbral tissue (TBI-cluster group).
In naive brain, KCl-induced SDs were associated with a transient aerobic hyperglycolytic state. After TBI, the traumatic penumbra displayed a rapid decline in rCBF and [Glc]b. Spontaneous TBI-induced SDs in this area triggered metabolic and vascular responses indicating metabolic imbalance. This was even more pronounced during KCl-induced clusters of SDs.
Methods

Animals
Experiments were conducted in adult male Wistar rats of 250-400 g, supplied by Elevage Janvier (Le Genest Saint Isle, France). All experimental protocols were approved by the Claude Bernard Lyon-I University committee on animals in research (approval number: DR2014-31) and were performed in accordance with European directive 2010/63/EU, fulfilling the ARRIVE criteria. There was no significant difference in body weight between groups. Animals were housed in cages of four with a 12/12 h light-dark cycle and ad libitum food and water (AnimalerieRockfeller, Lyon France). Anesthesia started between 9 and 10 a.m. in all groups.
Surgical preparation and TBI model
Nontraumatized animals (control group) remained in the stereotaxic frame, breathing spontaneously under light anesthesia (0.8-1.5% isoflurane in 30% oxygen with air). A 0.5 ml subcutaneous inEltration of 3 mg/ml ropivacaine (Naropeine; 7.5 mg/ml in saline) was performed prior to scalp incision. Circular craniotomy (5 mm diameter) centered 3.8 mm caudal to Bregma and 3.0 mm lateral to the midline was performed. Then, the dura was carefully removed, to avoid bleeding and enable probes to be inserted. The cranial window was rinsed with 0.9% saline at 2 ml/h. Experimental animals were traumatized using a model of severe LFP injury. 2, 3 Under isoFurane anesthesia, animals were intubated and artificially ventilated (Ispra MA1 55-7058, Harvard Apparatus R , Edenbridge, UK; tidal volume ¼ 6 ml/kg, breath rate ¼ 60/min, positive end expiratory pressure ¼ 5 cm H 2 O). The same craniotomy procedure was performed as in control animals, and a hollow plastic cap was attached to the skull with cyanoacrylate and dental acrylic cement. A 1-mm-diameter stainless-steel screw inserted into the skull served as anchor. The animal was then removed from the stereotaxic frame and brought to the LFP-injury device (Custom Design and Fabrication, Virginia Commonwealth University, Richmond, VA). Rats received a single 20 ms Fuid percussion pulse of 3.8 ATA under light anesthesia. This severe LFP injury produced a $60% decrease in neuronal density in the temporal cortex lateral to the impact seven days after trauma (Figure 1(b) ). 3 Without external intervention, this cortical area is therefore bound to degenerate and represents a traumatic penumbra. After LFP injury, animals were again placed in the stereotaxic frame under light anesthesia (0.8-1.5% isoflurane in 30% oxygen with air) for 5 h. Between 30 min and 1 h after LFP injury, arterial blood gas analysis was performed in nine animals under mechanical ventilation. The samples (200-400 ml) were analyzed with a GEM 300 device (Instrumentation Laboratory, Bedford, USA): pH ¼ 7.35 [7.34;7.38 [11.2;12.7] . Under these conditions, traumatized animals usually displayed isolated SDs and this group was therefore referred to as TBI isolated. A third group, in which a cluster of SDs was evoked by KCl apposition after TBI, was referred to as TBI cluster.
In all groups, animals' temperature was kept at 37 C with a homoeothermic blanket using a rectal temperature probe (Harvard Apparatus Õ , Edenbridge, UK). Oxygen saturation was monitored with a foot clip connected to a MouseOxPlus Õ system (Starr Life Sciences, Oakmont, PA), and arterial blood pressure via an arterial line equipped with a pressure sensor connected to a bioAmp amplifier (ADInstrument, Oxford, UK). At the end of the experiments, animals were euthanized with an intraperitoneal injection of sodium pentobarbital (150 mg/kg; Ceva, Libourne, France). In five LFP-injury animals, the brain tissue around the tip of a biosensor was electrocoagulated and the brain was then removed to confirm the cortical location of the biosensors.
Probe placement
In the control group (naı¨ve cortex), the LDF probe was placed on the exposed parietal cortex remote from larger vessels. A local field potential (LFP) electrode with either a PbtO 2 sensor or biosensors for [Glc]b and [Lac]b was inserted in deeper cortical layers between 500 and 1000 mm below the LDF probe.
In the TBI-isolated and TBI-cluster groups (severe TBI), the cranial bone overlying the temporal ''traumatic penumbra'' was thinned with a drill and the LDF probe was placed on the thinned bone under microscopic vision. Electrodes (i.e. LFP with either a We then compared SDs evoked by KCl apposition in the control group to spontaneous SDs in the TBI-isolated group. In the control group, SDs were triggered at the recording site by a drop of KCl (1 mol/l) that was rapidly rinsed by a transient increase in the continuous saline flow (up to 5 ml/min for 1 min). Two SDs were triggered at least 30 min apart in each animal. In the TBI-isolated group, spontaneous SDs were recorded after severe LFP injury during the 30 min to 5 h posttrauma period (Figure 1(a) ).
In the TBI-cluster group, we studied a KCl-induced cluster of recurrent SDs after LFP injury, by topical application of 1 mol/l KCl over the craniotomy. From this region, SDs invaded the temporal cortex (i.e. the traumatic penumbra) at a distance of 2 mm from the craniotomy site.
Twelve rCBF recording. rCBF was recorded with a pencil LDF probe connected to a blood flowmeter (1 mm diameter tip, MNP100XP, ADInstrument, Oxford, UK). The probe was placed over the cortical surface, remote from larger vessels. rCBF was calculated as percentage change from baseline (¼100%), measured during the first 5 min of each experiment. A zero level was established at the end of the experiments after euthanasia. SD detection. LFP electrodes were made using Ag/AgCl wire inserted into a glass capillary with a pulled tip diameter of 3-5 mm (Harvard Apparatus, Edenbridge, UK), filled with a mix of 2 mol/l NaCl and 1 mol/l Na-citrate solution (1:1 ratio). A subcutaneous silver chloride reference was placed in the animal's neck. Signals were recorded by a near-DC octal bioAmp amplifier (ADInstrument, Oxford, UK) with built-in analog band-pass filter (0.02-100 Hz, sampling rate, 1 kHz). SDs were defined by the typical large slow change in potential, similar to clinical recordings using the same amplifier. 10 SDs were accompanied by spreading depression unless the spontaneous activity was already suppressed, as occurred in most experiments after TBI.
PbtO 2 recording. PbtO 2 recordings were made with an electrochemical (Clark-type) micro-sensor (10 mm tip; OX-10, Unisense, Aarhus, Denmark) connected to an amplifier with a constant potential of À800 mV. PbtO 2 electrodes were calibrated at 37 C before and after each experiment to convert the signal to mmHg.
Biosensors for brain glucose and lactate recording
[Glc]b or [Lac]b concentrations were recorded using oxidase-based biosensors (tip: 100 mm in length and 40 mm in diameter; AniRA-Neurochem platform, Lyon, France). Briefly, biosensors were made using a Pt/Ir wire (Goodfellow, Huntington, UK) inserted into a pulled glass capillary (Harvard Apparatus, Edenbridge, UK). A poly-m-phenylenediamine (PPD) screening layer was deposited by electropolymerization and the enzyme layer was deposited by dipping the tip of the electrode into the enzyme solution: either glucose oxidase from Aspergillus niger (EC 1.4.3.11, Sigma-Aldrich, Saint Quentin Fallavier, France) or lactate oxidase from Pediococcus sp. (EC 1.13.12.4, Sigma-Aldrich, Saint Quentin Fallavier, France). Biosensors were covered with an additional polyurethane membrane to increase their dynamic range and to protect the enzyme layer from biofouling in the brain. Following this treatment, the dynamic range of Glc and Lac biosensors was 1.5 and 0.8 mM, respectively. Biosensors were connected to a VA-10 amplifier (NPI Electronics, Tamm, Germany) with a constant potential of þ500 mV. 34 All sensors were tested in vitro before and after each in vivo experiment to ensure that sensitivity and specificity remained stable throughout the experiment. Only those sensitive enough (i.e. !50 pA/100 mM of glucose or lactate) with an effective PPD screening layer (i.e. <1.2 pA/20 mM response to serotonin) were used: roughly 90% of the microelectrodes. 34 Biosensors temperature and oxygen dependencies were studied in vitro and allowed us to correct the signal obtained in vivo to fit in vitro experimental conditions (i.e. 37 versus 25 C and 25-30 versus 159.6 mmHg). Therefore, brain concentrations were estimated using in vitro calibrations, taking account of the differences in temperature and oxygen concentrations measured with PbtO 2 . The relationship between analyte concentration and oxidative current was modeled with a second-order polynomial function (R 2 > 0.9). In 12 experiments (six controls and six LFP injury), the enzyme in the microelectrode biosensors was replaced by bovine serum albumin (BSA, SigmaAldrich, St Quentin Fallavier, France) to obtain control recordings of basal electrochemical (nonenzymatic) currents in the brain. These control biosensors, coated with albumin, recorded currents that were negligible compared to those with glucose or lactate oxidase. The small current changes detected on the BSA control electrodes were not taken into account for computing [Glc] 
Standard values of oxygen tension at hemoglobin half-saturation (P 50 ¼ 34 mmHg), and the Hill coefficient (h ¼ 2.7) were used. The arterial content of oxygen, Ca, was 7.2 mmol/ml in our experiments. These values were combined with reported rCBF and CMRO 2 from the literature under isoflurane anesthesia (i.e. 135 ml/100 g/min and 357 mmol/100 g/min, respectively) 37 to calculate the corresponding effective diffusion coefficient of oxygen in brain tissue (L ¼ 510 mmol/100 g/min/mmHg).
Statistical analysis
Signal processing and statistical analysis were performed with R software (version 3.2.0, 2015-04-16, R Foundation for Statistical Computing, Vienna, Austria) using the additional libraries signal, dplyr, and ggplot2. Data are presented as median and interquartile range (IQR), and a p-value 0.05 was considered significant. Since the LDF probe was placed with either PbtO 2 or biosensor probes, 12 animals in each group were included in the rCBF analyses whereas six in each group were included for PbtO 2 , CMRO 2 , [Glc]b, and [Lac]b analysis. To study the effect of LFP injury on isolated SDs, we compared control and TBI-isolated groups. rCBF, PbtO 2 , CMRO 2 , [Glc]b, and [Lac]b were analyzed in a time window from 10 min before to 20 min after each SD. The effect of TBI on these different parameters was analyzed by computing the area under the curve (AUC) during the 20 min following the start of the SD. Additionally, the time series were cut into 2 min epochs and compared on a repeated-measures ANOVA including both ''time'' and ''group'' as factors. Post hoc analysis on landmark values (e.g. min or max) and individual comparisons were made, by Wilcoxon rank sum test with Bonferroni correction, between groups. The effect of SD clusters after LFP injury was studied in the TBI-cluster group. rCBF, 
Results
Comparison between control and TBI-induced group
No significant difference was observed between the two groups regarding arterial blood glucose (7.3 Figure 1(c) ). During the $4.5 h recording period after LFP injury we were able to detect 2 [1.75;4] (n ¼ 12: 6 with rCBF þ PbtO 2 and 6 with rCBF þ biosensors) spontaneous isolated SDs in 80% of the animals of the TBI-isolated group (n ¼ 12/15). One spontaneous cluster was observed in one animal; isolated SDs also occurred in this animal and were included in the TBI-isolated group, while the cluster was included in the TBI-cluster group. In the TBI-isolated group, rCBF gradually declined during the experiment as a whole, reaching a level of 50.4% [28.1;86.5] (n ¼ 12). By contrast, it remained stable in the control group (n ¼ 12 in both groups, p ¼ 0.02, Figure 1 (Figures 1 and 2) . The repeated-measures ANOVA performed on 2 min epochs of rCBF (n ¼ 12 in both groups), PbtO 2 (n ¼ 6), CMRO 2 (n ¼ 6), [Glc]b (n ¼ 6), and percentage [Lac]b variation (n ¼ 6), indicated a significant interaction between the ''group'' and ''time'' factors ( Figures 2 and 3) .
Following SDs, rCBF displayed a transient increase in both groups (Figure 2) Figure 2 ) indicating that the increase in rCBF was smaller after TBI.
In the control group, PbtO 2 transiently increased (þ9 mmHg [5;11.7] , AUC ¼ 1304 mmHg s [806;2062], p ¼ 0.008 versus zero, n ¼ 6) at the same time as rCBF, whereas after LFP injury, SDs induced biphasic changes in PbtO 2 (Figure 2 (Figures 2 and 3 ). In the TBI-isolated group, rCBF, PbtO 2 , and [Lac]b remained lower than their pre-SD levels at the end of the 20 min recording session. CMRO 2 remained at þ17 mmol/100 g/min [11.3;30.1] above its pre-SD value Figure 2 . Changes of rCBF, PbtO 2 , and CMRO 2 during the first 20 min following isolated SDs in normal and injured brain. An original local field potential (LFPot) recording of an SD example is given in the top left panel, showing a characteristic slow potential change in the near-DC electrocorticogram (black curve, bandpass: 0.02-0.5 Hz). SD typically induces spreading depression of spontaneous activity in electrically active tissue which is observed in the AC frequency range above 0.5 Hz (gray curve). The dashed orange vertical line marks the onset of SD. Changes of regional cerebral blood flow (rCBF in %, n ¼ 12 in both groups), brain tissue partial pressure of oxygen (PbtO 2 in mmHg, n ¼ 6 in both groups), and cerebral metabolic rate of oxygen (CMRO 2 in mmol/100 g/min, n ¼ 6 in both group), are plotted over time on the left (median and IQR) in the control (blue) and TBI-induced (red) groups. SDs induced a transient increase in rCBF and CMRO 2 in both groups. PbtO 2 increased during SD in the control group whereas it showed a biphasic response with initial decline followed by increase in the TBI-induced group. Tables on the right provide the values before (Pre) and 20 min after (Post) SD, as well as the area under the curve (AUC) of the hyperemic rCBF response and minimum (Min) and maximum (Max) changes of PbtO 2 and CMRO 2 . ** p 0.01: interaction between ''time'' and ''group'' factors in a repeated measures ANOVA performed on 2 min epochs. * p 0.05, differences between groups, with a Wilcoxon rank sum test. # p 0.05, difference between pre-and posttime point, with a pairwise Wilcoxon rank sum test. (n ¼ 6, p ¼ 0.04). By contrast, [Glc]b returned to its pre-SD concentration within about 10 min, similarly to control animals (Figures 2 and 3) . These data indicate a slower return to baseline metabolic values after TBI.
Effect of SD clusters after LFP injury (TBI cluster)
KCl-induced clusters of SD following LFP injury generated repeated episodes of hyperemia after each depolarization (Figure 4 ). The inter-SD level of rCBF gradually increased with recurrence of SDs (''SD number'' effect in a repeated measures ANOVA, n ¼ 12, p < 0.001, Figure 4 ). Meanwhile the intensity of the hyperemic response, measured by its AUC, decreased with recurrence of SDs (''SD number'' effect in a repeated measures ANOVA, n ¼ 12, p ¼ 0.003, Figure 4 ). PbtO 2 had repeated biphasic changes during each SD, similar to the pattern observed in the TBI-isolated group after spontaneous isolated SDs following LFP injury (Figure 4) . The dip, peak, and inter-SD PbtO 2 levels did not differ from one SD to the next (no ''SD number'' effect in a repeated measures ANOVA, n ¼ 6). CMRO 2 displayed constant transient increases during each SD (no ''SD number'' effect in a repeated measures ANOVA, n ¼ 6). Inter-SD CMRO 2 gradually increased compared to baseline precluster levels (''SD number'' effect in a repeated measures ANOVA, n ¼ 6, p < 0.001, Figure 4) . transient increase during each depolarization (no ''SD number'' effect in a repeated measures ANOVA, n ¼ 6 þ 1 spontaneous cluster from group 2, Figure 5 ). We then compared the relationship between precluster L/G and L/G changes (ÁL/G ¼ L/G after nine SDs-precluster L/G). Except for one animal with a high precluster L/G (9.3 due to a high
[Lac]b ¼ 1.9 mmol/l, purple outlier in Figure 5 ), ÁL/G was dependent on precluster L/G: the higher the precluster L/G, the greater the increase in L/G after the SD cluster (''precluster L/G'' effect on log(ÁL/G) in a repeated measures ANOVA, n ¼ 6, p ¼ 0.018, Figure 5 ). ÁL/G was also closely related to [Glc] b values before the cluster: the lower the precluster [Glc]b, the higher the ÁL/G at the end of the cluster (''precluster [Glc]b'' effect on log(ÁL/G) in a repeated measures ANOVA, n ¼ 6, p ¼ 0.017).
Discussion
The present study described the metabolic and microvascular consequences of KCl-induced SDs in noninjured cortex, and of SDs occurring after severe LFP injury, either spontaneously or as a cluster evoked by KCl application following TBI.
We first identified SDs as a slow wave change in LFP. 8, 38 SD was associated with a simultaneous transient hyperemic response characterized by an increase in LDF, as previously described. We then used minimally invasive techniques, including a 10 mm diameter oxygen sensor and 40 mm diameter biosensors, in order to monitor brain metabolism with minimal injury to the blood-brain barrier. The sensors provided a metabolic signature of SDs in noninjured brain that indicated an aerobic hyperglycolysis state (transient decrease in [Glc] b associated with transient increase in PbtO 2 , rCBF and CMRO 2 , and [Lac]b) recovering in 5-10 min. Severe LFP injury rapidly induced a consistent decrease in rCBF and [Glc]b in a cortical area known to degenerate seven days post-LFP injury, which we designated as a potential traumatic penumbra. 3 In this brain area at risk of neuronal injury, spontaneous SDs induced similar patterns of rCBF and [Glc]b changes to those observed in the control group, suggesting hypermetabolism. However, PbtO 2 and [Lac]b displayed an initial biphasic pattern followed by a prolonged decrease. Thus, 20 min after depolarization onset, [Lac]b and PbtO 2 remained lower than pre-SD levels in the traumatic penumbra, with a prolonged increase in CMRO 2 . Thus, the traumatized brain parenchyma had not recovered its baseline metabolic values 20 min after SD onset. Finally, recurrent SDs in clusters were associated with a sustained increase in CMRO 2 and L/G. Taken together, these results indicate that SD triggered a hyperglycolysis state, in both noninjured and injured brain. However, the brain parenchyma exhibited altered responses to hyperglycolysis, with reduced hyperemia and no elevation in lactate concentration in TBI tissue as compared to noninjured cortex. These alterations could be at least partly responsible for the slower return to baseline metabolic values in traumatized brain challenged by SD.
TBI induces SDs in an early (5 h) posttraumatic time window
TBI is a classic trigger of SD. Even minimal brain trauma using a pin with a diameter exceeding 50 mm is sufficient to induce SD. 39 Likewise, in animal models of TBI, the first impact triggers SD. [40] [41] [42] [43] [44] Further SDs may occur depending on TBI severity and metabolic imbalance. 42, 45 However, their implication in secondary injury progression is controversial. 43, 46 In the present study, severe LFP injury led to secondary spontaneous SDs in 80% of animals in the early time window between 30 min and 5 h postinjury. These findings are in line with clinical studies in which secondary SDs occurred in 50-60% of TBI patients. 10, 22 Recordings in patients usually start later than the first 5 h postinjury (i.e. postsurgery). The time course of SD occurrence in rats is still unexplored, and it is difficult to extrapolate the number and incidence of SDs following TBI from animals to humans. Nonetheless, it is possible that the occurrence rate of SDs in patients could be higher than 50-60% if recordings started earlier.
Only one out of 12 animals showed a spontaneous cluster of recurrent SDs. However, it should be noted that SD occurrence was inhibited in our model, isoflurane being a well-established inhibitor of SD. For example, it was recently shown that isoflurane reduced the number of SDs in the early time window by 72% after middle cerebral artery occlusion. 47 Thus, more SD clusters might be observed in our LFP injury model under other types of anesthesia without inhibitory effect on SDs.
Hemodynamic responses to SD
In rats and higher mammals including humans, spreading hyperemia is coupled to SD and is typically followed by oligemia under physiological conditions. 48, 49 By contrast, an inverse neurovascular response is frequently observed in patients with TBI, aSAH, and MHS. 15, 29, 50 This inverse response is characterized by severe vasoconstriction and hypoperfusion up to ischemia instead of vasodilation and hyperemia. 8, 21 The SD-triggered perfusion deficit spreads in the tissue together with the depolarization wave (¼spreading ischemia), delaying the energy-dependent recovery from SD. If spreading ischemia is sufficiently prolonged, it leads to widespread cortical necrosis. 51 Spreading ischemia is an exceedingly complex phenomenon, involving dysregulation in all cell types of the neurovascular unit 8, 49 and all segments of the vascular tree from large arteries 52 down to capillary level. 53 Spreading ischemia may start from a normal level of rCBF, 21 but a reduced level promotes it. 52, 54 In animals, the phenomenon was observed in a model mimicking conditions present following aSAH 21 as well as models of global 55, 56 and focal ischemia. [56] [57] [58] Notably, the normal hyperemic and the inverse ischemic response to SD do not follow an ''all or nothing'' principle: rather the hemodynamic response to SD changes along a continuum from hyperemic to terminal ischemic response with, intermediate biphasic patterns both in animals and patients. 52, 56, 59 It is noteworthy in this respect that a biphasic pattern of oxy-and deoxy-hemoglobin is already observed in models of focal ischemia when the rCBF response to SD shows a reduced but still monophasic increase. 56, 60 This is probably due to the marked increase in CMRO 2 induced by SD, as previously reported 35 and confirmed in the present study. Such a biphasic pattern of oxyand deoxyhemoglobin in the ischemic penumbra seems to correspond well to the biphasic PbtO 2 pattern, coupled to reduced monophasic increases in rCBF in the traumatic penumbra as observed here.
Interestingly, the normal monophasic PbtO 2 response to SD in naı¨ve cortex in the present study differed markedly from the previously observed PbtO 2 response to SD in naı¨ve cortex reported by Piilgaard and Lauritzen. 35 These authors described a very early peak of PbtO 2 , which lasted for only 5-10 s. Notably, PbtO 2 then fell dramatically during physiological oligemia below the detection limit in some animals. It may be speculated that this discrepancy in results is related to a difference in anesthesia: isoflurane, as used in our study, markedly increases the rCBF level, to a range between 135 and 140 ml/100 g/min, 37,61 while anesthesia with a-chloralose, as used by Piilgaard and colleagues, markedly decreases the rCBF level to 53 ml/ 100 g/min.
62 A higher level of rCBF might allow more oxygen to be extracted. The same amount of extracted oxygen during SD could thus result in distinct PbtO 2 responses, depending on the baseline level of rCBF. Consistent with this hypothesis, the baseline level of PbtO 2 in the present experiments was 10 mmHg higher than the one in the experiments conducted by Piilgaard and Lauritzen.
Overall, it is possible that the reduced hyperemic response observed after TBI, compared to control animals, represents the initial part of a continuum from normal hyperemia to spreading ischemia.
Metabolic response to SD
The normal metabolic response of a naı¨ve brain to SD has already been extensively described using microdialysis, fluoro-deoxyglucose uptake, and autoradiography. SD evokes a transient decrease in [Glc] b coupled to an increase in [Lac]b and increased glucose consumption. [63] [64] [65] This response is typical of any metabolic challenge imposed on a normal brain and resembles that induced by electrical stimulation of neuronal activity. [66] [67] [68] [69] Our biosensor's data are in good agreement with cMD in the normal or ischemic brain, 64, 65 but the biosensors detected larger changes: [Glc]b decreased by $63% and [Lac]b increased by 168%, compared with a 15-20% decrease and 60% increase, respectively, using cMD. 64, 65 In addition, changes detected by microdialysis lasted longer than those detected by biosensors, especially in areas surrounding ischemic tissue. [70] [71] [72] We hypothesize that the small size of our microelectrode biosensors reduced the extent of brain injury caused by implantation compared to microdialysis probes and allowed more direct sampling of cerebral interstitial fluid. It is possible that a glial layer surrounding microdialysis probes added a diffusion barrier to the microdialysis membrane itself, resulting in low-pass filtering of fast neurochemical changes evoked by SDs. In addition, the biosensors allowed accurate estimation of [Glc]b and [Lac]b, which is difficult using microdialysis.
It is well established that normal metabolic response to SD involves glucose consumption and lactate release to sustain the energy requirements for neurons and glial cells to repolarize. 63, 64, 73 The increase in [Lac]b detected in the present study and by others is currently a matter of debate. It cannot be the result of increased diffusion from the bloodstream, because blood lactate concentration is below 1 mmol/l, which is less than [Lac]b. 74 Consequently, the concentration gradient rather indicates lactate diffusion out of the brain into the bloodstream. It has been suggested that lactate can be produced by glial cells and released into the extracellular fluid to serve as an alternative energy substrate for neurons. 69, 75, 76 However, other studies have estimated that this lactate release is only marginally consumed by brain cells, being mostly cleared out of the brain by the bloodstream. 64, 77 Thus, elevated [Lac]b in response to SD is more likely the consequence of increased lactate production by the brain.
Our glucose and lactate monitoring experiments did not directly indicate the function of lactate release in response to SD. However, the absence of an increase in [Lac]b was one of the most striking differences between SDs evoked in control rats and those detected after TBI. Our results did not allow us to differentiate between impaired lactate production, increased lactate consumption, and accelerated clearance into the bloodstream. Since aerobic metabolism was preserved in the traumatic penumbra (PtO 2 and rCBF maintained, increase in CMRO 2 ), it is possible that the reduced numbers of glucose molecules involved in glycolysis entered the mitochondrial aerobic pathway, inducing reduced lactate production and release. 69, 75, 76 In addition, it can be speculated that, given the low [Glc]b level after TBI and the consequently limited energy supply, lactate released into the brain was utilized as an energy substrate to restore the ionic gradients disrupted by SD. Further studies are required to explore these hypotheses.
The biphasic PbtO 2 and [Lac]b changes that we observed are reminiscent of SD-induced biphasic Hb saturation changes that have been reported in the ischemic penumbra 56, 78 and may correspond to a shift toward reduced nicotinamide adenine dinucleotide. Such SD-related redox changes have been reported during oxygen deficiency 79, 80 or in patients with severe head injury. 81 Therefore, such a biphasic pattern might be a hallmark of metabolic imbalance. Overall, our experiments showed that the hypermetabolic response to SD seen in control rats was altered after TBI. In particular, the absence of [Lac]b elevation was associated with slower return to baseline PbtO 2 and CMRO 2 values, indicating that the metabolic challenge induced by SDs was more difficult to overcome after TBI.
Additional effects of clusters
SD repetition within clusters has been recorded in patients and can last several hours. 6, 12, 13, 22 Such clusters of SDs are associated with unfavorable outcome. 13, 22 Here, clusters of SDs were evoked by continuous apposition of KCl at the cortical surface. Within these clusters, each SD induced metabolic changes similar to those induced by isolated SDs in the traumatic penumbra: transient repeated hyperemic events, increase in CMRO 2 , and decrease in [Glc]b. However, with the repetition of 10 SDs within a cluster, a gradual increase in inter-SD rCBF was observed. Such prolonged [Glc]b and [Lac]b changes have also been reported during repeated SDs in aSAH or TBI patients. 71, 82 Interestingly, there was a correlation between low precluster [Glc]b and increased L/G during the cluster. An increased L/G has often been associated with unfavorable outcome in clinical studies and is considered a marker of poor prognosis. 30, 31 The present results suggest that SD clusters initiated in a traumatized cortical region already showing reduced [Glc]b may worsen the fate of the brain tissue, possibly by aggravating metabolic imbalance and neuronal loss. 6 
Limits
Our experimental setup led to several limitations, due to respiratory assistance and anesthesia. Like all anesthetic compounds, isoflurane can affect basal brain metabolism and blood flow. For example, the low dose of isoflurane (0.8-1.5%) used as anesthetic agent is known to increase rCBF compared to -chloralose or ketamine. 36, 37, 62, 83 Together with a slight increase in PaCO 2 , our setup may have led to a ''luxury'' perfusion compared to experiments conducted under -chloralose anesthesia. Low dose isoflurane can also influence brain and systemic metabolism leading to an increase in blood and brain lactate concentrations. [84] [85] [86] These changes could be explained by the alteration of mitochondrial respiratory chain observed in neuronal cultured cells 87 and during heart preconditioning. 88 However, the pattern of brain glucose and lactate observed during SD in our study suggests a preserved mitochondrial function with an aerobic hyperglycolysis state. Clearly, ethical and technical issues limit the study of acute brain injury in awake animals. Such changes in brain metabolism induced by anesthesia should be taken into account when generalizing the findings obtained in animals.
In addition, more complete understanding of brain metabolism in control and traumatized animals should include pyruvate metabolism. For example, L/P is an important neurochemical index. In clinical studies, low L/P (<40) was associated with hyperglycolysis whereas L/P > 40 was indicative of metabolic crisis and poor patient outcome. 32, 33 Including pyruvate biosensor monitoring is therefore an important challenge for future studies, to differentiate aerobic from anaerobic glycolytic patterns of metabolism.
A continuum from physiological hypermetabolic responses to metabolic crisis?
The concept of a continuum, from normal hyperemic responses to SDs to pathological ischemic responses under conditions of brain injury, was recently proposed, including an array of intermediate biphasic patterns early in the course of neuronal degeneration. 52, 56, 59 In the present study, SDs that occurred spontaneously in the first 5 h following TBI displayed reduced hyperemia associated with altered hypermetabolic response, and slower return to baseline metabolic values. This vascular and metabolic signature may lie in the initial part of this continuum. The complete time course of SD occurrence in this model is currently unknown, but it is possible that, if SDs could be recorded later after TBI, as the traumatic penumbra evolves toward irreversible lesions, vascular and metabolic patterns could change along this continuum and display biphasic or ischemic profiles indicative of the evolution of neuronal injury. Further studies are required to explore this possibility.
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